INTRODUCTION
The importance of the correlation of electronic motion for an accurate determination of atomic and molecular properties has long been recognized, and a large research effort has been devoted to this problem ͓1͔. Dramatic progress in the treatment of electron correlation effects has been achieved by important theoretical developments coupled with the increasing computational power of modern computers. These accurate theoretical techniques can be applied to a variety of problems of chemical interest. The electron correlation energy is usually defined as the difference between the exact nonrelativistic energy of the system and the Hartree-Fock energy ͓2͔. Therefore, only very accurate and dependable experimental data provide a good test of accuracy for new ab initio correlation developments in computational chemistry. In addition, these experimental results have an important role in understanding the specific correlation effects in atoms and molecules. Parametrization methods used in modern densityfunctional theory calibrate the functionals based on accurate experimental data for atomization energies, ionization potentials, and electron and proton affinities of more than a hundred first-and second-row atomic and molecular species ͓3͔. As the number of reliable experiments grows, we can expect new improved density functionals in the future.
In recent years, the popularity of methods based on density-functional theory ͑DFT͒ has grown enormously due to its favorable accuracy and computational cost ͓4͔. The latest improvements in exchange and correlation functionals used in the DFT formalism are responsible for the accuracy achieved. Introducing correlation terms based on electrondensity gradients into density functionals has been essential for quantitative estimates of bond energies, bond distances, and other properties ͓4,5͔. In addition, mixing a portion of the exact Hartree-Fock exchange with the DFT exchange and correlation leads to further improvements in accuracy. Nowadays, these hybrid functionals are the most accurate functionals in DFT calculations.
The search for accurate quantum-mechanical energies of the system, in the DFT formalism, is a problem of finding an accurate exchange-correlation functional. A universally accurate functional may never be found, but the prospect of the functionals being improved in the near future might explain the attraction of DFT methods. The degree of reliability of recent density functionals and their hybrids has been established by numerous calculations on systems of chemical interest. However, since the universal functional should work for all systems, the aim of the present study is to test the reliability of the most common correlation functionals and Becke's hybrid functionals for highly charge atomic cations where dependable experimental data exists.
Since the 1960s, there has been rapid progress in the atomic spectroscopy of highly ionized atoms. Several factors contributed to this interest, one being expenditure in solar physics, which radically improved knowledge of the physics of the solar corona and its effects on the Earth's ionosphere. Another factor was expenditure in plasma physics aimed at attaining the requirements of controlled nuclear fusion. As a result of these projects, there are very accurate experimental data on atomic energies of highly charged atoms ͓6͔, which are stable only in extreme conditions. These experiments have played an important role in many tests on ab initio correlational developments in computational chemistry. Tables of estimated nonrelativistic total energies incorporating this data have been revised recently ͓7-9͔. The study presented here uses these tables to obtain deeper insights into recent density functionals. We show results using HartreeFock exchange combined with Perdew's 1986 ͑HF-P86͒ ͓10͔, Lee, Yang and Parr's ͑HF-LYP͒ ͓11͔ and Perdew and Wang's 1991 ͑HF-PW91͒ ͓12͔ correlational functionals as well as combined with the most common exchange ''B'', and hybrid ''B3'' functionals from Becke ͓13,14͔ ͑BP86, BLYP, B3LYP, and B3PW91͒.
COMPUTATIONAL DETAILS
All calculations presented here were done with the GAUSS-IAN 94 program package ͓15͔. In order to allow us to focus on density-functional effects, basis set saturation has been achieved using the full uncontracted sets of Partridge's basis functions ͓16͔. In addition, the basis sets were extended for ions with more than four electrons by taking the ten lowest Partridge exponents of p orbitals to construct a d-orbital basis set, and the eight lowest exponents to construct the f orbitals. Although the ions studied here have only s and p occupied orbitals, d and f basis functions were found to make a significant contribution to the energy of the best spin-and symmetry-unconstrained Slater determinant in both selfconsistent field and DFT calculations. When performing such calculations, d orbitals are mixed with s orbitals, and f orbitals are mixed with p orbitals. The energies were tightly optimized in all calculations, and all density-functional tests were performed using the numerical grid with 75 points per radial shells and 434 points per angular shell ͓17͔. All energies, of course, are based on the Kohn-Sham density generated self-consistently for the method being studied.
RESULTS AND DISCUSSION
The correlation energy for molecules is usually defined as the difference between the exact nonrelativistic energy and the energy of the best single Slater determinant. We follow that definition here. This contrasts with the more usual definition which defines the correlation energy for atomic ions relative to a L, S eigenfunction formed from spin-and symmetry-constrained orbitals. Figure 1 illustrates the difference between these definitions. Here is plotted the difference between the UHF energy with the large basis set and the numerical Hartree-Fock energy for L, S eigenfunctions. For L 0 the nonspherical Coulomb field mixes l values in orbitals. This effect is especially strong for 3s-3d neardegeneracy mixing, and leads to a difference in energy that is linear in Z.
The correlation energy as a function of the number of electrons N, and the nuclear charge Z, can be expanded in a formal Laurent series in 1/Z by treating the electron-electron interaction as a perturbation term ͓18͔. When nondegenerate perturbation theory applies for the single Slater determinant composed of hydrogen-atom eigenfunctions, the correlation energy is expected to be essentially independent of Z. The remaining Z dependence is of order Z Ϫ1 , and might be important only for atoms of very low Z. On the other hand, configurations with degeneracies of the same symmetry in perturbation theory at high Z are expected to have correlation energies varying linearly with Z.
All atomic species up to 18-electron configurations were calculated for nuclei from Zϭ2 -26 ͑from He to Ni͒. Unrestricted Hartree-Fock ͑HF͒ energies were calculated to estimate the correlation energy. Figure 2 illustrates the difference between Hartree-Fock and exact nonrelativistic energies, E UHF ϪE exact which formally defines the negative of the correlation energy. This correlation energy is plotted as a function of nuclear charge Z for N-electron configurations up to 18 electrons ͑Ar-like configuration͒. As expected, for systems where a single configuration with hydrogenic orbitals is a nondegenerate zeroth-order approximation, the correlation energy asymptotically approaches a constant value at infinite nuclear charge Z. This is the case for ions with 2, 3, 7, 8, 9, 10, and 11 electrons. All other configurations become degenerate at high Z, and show a linear dependence on Z. This degeneracy shows that the choice of a single determinantal wave function for the reference space does not include all important arrangements of the valence electrons among 2s and 2p orbitals for N from four to six electrons, or among 3s, 3p, and 3d orbitals for N from 12 to 18 electrons.
For a fixed nuclear charge Z much greater then N, the HF correlation energy shows an irregular pattern as N increases. For example, as N varies from 4 to 7, the 2p orbital becomes less available for correlating the 2s electrons, and the correlation energy decreases in magnitude. From 7 to 10, the in- cremental change is roughly constant as electrons are added to the half-filled p orbitals. From 10 to 18 electrons the increase is smooth; but for higher N, as the configuration approaches the next closed shell of 28 electrons, the pattern must become irregular again.
HF-P86 functional
The generalized gradient corrected ͑GGA͒ Perdew correlation functional of 1986 ͑P86͒ ͓10͔ has been combined with a ''pure'' Hartree-Fock exchange term to test the effects of this functional alone on the isoelectronic series of energy curves. Since the UHF correlation energy shows a linear dependence or no dependence on Z depending on whether another orbital configuration becomes degenerate or nondegenerate with the ground-state configuration at high Z, no simple density functional can be correct for all isoelectronic series for high Z. As a compromise, the GGA P86 correlation functional reduces for high Z to the local-spin approximation, which shows a logarithmic behavior at high Z. Figure 3 shows the error between the HF-P86 and exact energies for isoelectronic series up to 18 electrons. The errors are plotted with the same energy scale used for other functionals in order to visualize the relative error between the computational methods studied. In general, the correlation energy misbehaves for all isoelectronic curves. For most of them, the magnitude of the correlation energy is overestimated, and the results fall to negative regions of the plotted errors. The overestimation of the magnitude of the correlation energy by density-functional methods at high Z seems to be a general trend in all calibrated correlational functionals. The tenelectron Ne atom has been used with the exact experimental data set to calibrate the P86 coefficients ͓19͔. Up to this configuration, the P86 functional seems to correct the HF energy very well for neutral atoms. However, beyond neon (Nϭ10), the error in energy grows rapidly even for neutral atoms. Basically, only the extreme case of the error for the four-electron series shows growing underestimation with increasing nuclear charge. Figure 4 presents the errors between calculated energies, using the Lee, Yang, and Parr GGA correlational functional ͑LYP͒ ͓11͔ in combination with ''pure'' Hartree-Fock exchange, and exact nonrelativistic data. Unlike the P86 functional, the LYP functional used the two-electron isoelectronic series to calibrate the coefficients. The most significant and important changes in this functional have to be noticed in correcting the general dependence on Z. Now for all configurations that are asymptotically nondegenerate at infinite Z, the error approaches a constant value; for those which are degenerate, the error increases linearly with Z. Therefore, the character of the error in the LYP functional is quite similar to the error in the Hartree-Fock calculations. However, the average error is much smaller, especially for electronic configurations with N between 10 and 18. For instance, the error in the HF calculation for the Ar-like configuration is between ϩ0.73 and ϩ0.88 hartree, but only from Ϫ0.02 to ϩ0.01 hartree in HF-LYP calculations. Like the P86 functional, the magnitude of the correlation energy in the LYP functional is overestimated for most configurations and only the extreme cases of four-and five-electron isoelectronic series shows large underestimation. 
HF-LYP functional

HF-PW91 functional
The last functional tested here which has been combined with a ''pure'' Hartree-Fock exchange term is Perdew and Wang's GGA correlation functional ͑PW91͒ ͓12͔. Figure 5 illustrates the difference between the calculated HF-PW91 energy and the exact nonrelativistic energy. The main difference, compared to P86 results, is that the PW91 functional does not try to correct the linearity of correlation energy for the Be-like configuration, but focuses more on correction of nondegenerate configurations of N less than 10 and all configurations of N between 10 and 18. Although these are degenerate at high Z, they are not characterized by such a strong slope as the 2s-2p configurations. The results are remarkably similar to the HF-LYP results in Fig. 4 .
It is interesting to note that for all correlation functionals presented here, the range of error of the calculated energy with growing nuclear charge Z does not change among functionals. The functionals might be considered to give better or worst corrections to the correlation energy of the neutral species, but none of these functionals improves upon correlation energy as a function of the number of electrons N and nuclear charge Z of an atomic ion. The largest errors, shown on the graphs, range from about ϩ0.25 to Ϫ0.10 hartree, from about ϩ0.26 to Ϫ0.10 hartree, and from about ϩ0.14 to Ϫ0.19 hartree for HF-PW91, HF-LYP, and HF-P86 calculations, respectively.
BP86 functional
The gradient-corrected exchange density functional proposed by Becke ͑B88͒ ͓13͔ has been combined with the gradient-corrected Perdew correlation functional P86 ͓10͔ ͑BP86 density functional͒. Figure 6 shows the isoelectronic series of errors in energy between the calculated BP86 energy and exact nonrelativistic energy. Using the Becke exchange functional mostly improved on the overestimation of the magnitude of the energy found in HF-P86 calculations by reducing the magnitude of the exchange energy. This brought the two-electron curve to an almost perfect agreement with experiment. However, most of the isoelectronic curves are still found to overestimate the magnitude of the energy at large nuclear charge.
BLYP functional
Becke's 1988 gradient corrected exchange functional ͑B88͒ ͓13͔ has been combined with the LYP ͓11͔ gradientcorrected correlation functional to test the performance of the BLYP hybrid density functional on highly charged atomic energies. Figure 7 presents the difference between the calculated and exact nonrelativistic energies. The error in BLYP calculated energies for atomic species is found to be distributed more evenly between calculations which underestimate or overestimate the nonrelativistic exact energies compared to HF-LYP, but the large slopes for the nondegenerate twoand ten-electron cases are disturbing.
B3LYP functional
It is well known that the combination of HF and DFT exchange gives better performance and accuracy than either the HF or density-functional exchange alone. Becke's threeparameter hybrid ͑B3͒ ͓14͔ of the gradient-corrected exchange functional and the exact HF exchange has been combined with the LYP ͓11͔ gradient-corrected correlation functional. This hybrid density functional is one of the most popular functionals in modern DFT calculations, leading to quite accurate molecular properties for most chemical species containing first-and second-row elements. Like other density functionals presented here, this hybrid functional has been tested for accuracy on highly charged atomic energies. Figure 8 illustrates the isoelectronic series of errors in energy between the calculated B3LYP and exact nonrelativistic energy. Mixing the three-parameter Becke exchange functional shows very clear effects on isoelectronic curves compared with all other methods. All curves share almost the same slope of error change as the nuclear charge increases, resulting in large underestimation of the magnitude of the energy for high Z.
It is worth mentioning here that density functionals based on Becke's three-parameter nonlocal exchange functional do not use the correlational functionals ͑LYP and PW91͒ in the original form, but with changed GGA parameters, so the B3LYP or B3PW91 will give the best performance for the test set of molecules on which they were calibrated.
B3PW91 functional
Finally, the hybrid of Becke's three-parameter gradientcorrected exchange functional ͓14͔ has been combined with PW91 gradient-corrected correlation functional ͓12͔ to calculate the energies and determine the errors between calculated and exact energies of the isoelectronic series of atoms. Figure 9 presents these errors in familiar form of the isoelectronic curves. The B3PW91 isoelectronic curves share almost the same energy slope as the B3LYP, which results in large underestimation of the magnitude of the energy for high nuclear charge Z. On the whole, the B3 exchange gave the least accurate results of all the methods tested here.
Four-electron configuration
The correlation effects of the Be isoelectronic sequence have been the subject of several theoretical and experimental studies. The Be-like electronic configuration reveals a large linear dependence on Z due to the inherent multiconfigurational nature of the ground state. It has been shown that this correlational effect which rapidly increases with nuclear charge Z is extremely difficult to model by densityfunctional theory. Figure 10 illustrates the performance of calculations using the density functionals studied here. The correlation energy for the neutral Be atom is incorporated into the density functionals with good accuracy, however, the slopes of the DFT curves are comparable with HartreeFock results. Based on the DFT slopes, it is easy to distinguish three families of curves. Density functionals based on Becke's three-parameter exchange functional, B3PW91 and B3LYP, show energy error slopes larger than HF calculations. Density functionals with the LYP or PW91 correlation functional shown energy error slopes comparable with HF calculations and those with the P86 correlational functional have lower energy error slopes than HF calculations. This clear curve separation illustrates the fact that the first correlation functionals, such as Perdew's 1986, tried to model the correlational effects of the four-electron configuration as a function of Z, but later these attempts were abandoned since the main focus of development of new DFT functionals were on prediction of neutral atomic and molecular species. Comparison of HF-P86 and HF-LYP to BP86 and BLYP, respectively, shows that Becke88 exchange functional does not influence the energy slopes for the Be-like configuration. The later, three-parameter Becke's exchange functional ͑B3͒ significantly increases the slopes of four-electron energy error curves.
Ten-electron configuration
The closed-shell Ne-like electronic configuration is one of the most common configurations of the valence electrons in molecules. Therefore, the correct correlational functional, which would hold for all Z, is undoubtedly important for chemistry. It is interesting that even though the correlation energy for this configuration approaches a constant value for high Z, it is still very difficult to find a density functional which would model the energy satisfactorily. Among all the density functionals studied, the exchange-correlation BP86 shows a small ͑0.03 a.u.; compare to about 0.40 a.u. for HF results͒ and constant deviation from the exact energies ͑see Fig. 11͒ . Most likely, however, this behavior results from cancellation of errors between the exchange and correlation functional for Ne-like atoms. The HF-P86 isoelectronic curves show a strong linear dependence with negative energy error slope for the P86 correlation functional. Combining this with the Becke88 exchange functional, which has a positive energy error slope, could result in the observed constant deviation for the BP86 exchange-correlation hybrid.
18-electron configuration
The 18-electron configuration is an interesting case too. The orbitals s and p are all occupied, but the shell is not closed due to empty 3d orbitals. With this configuration, one can study the influence of empty 3d orbitals on correlational effects as the nuclear charge Z approaches infinity. The density-functional results for this configuration brings the error of isoelectronic curves down to less than 0.12 a.u. for the worst cases in the set of cations studied ͑notice the change of energy scale in Fig. 12͒ . Comparison with the ten-electron case shows that the reduced range of error is due to the fact that data only exists up to an ionic charge of ϩ10, while data for the ten-electron case extended to an ionic charge of ϩ18. Closer analysis of curves reveals that the BLYP hybrid performs with the smallest error, i.e., less then 0.007 a.u. However, comparison of HF-LYP, BP86, and HF-P86 isoelectronic curves strongly suggest that this is again due to fortunate cancellation of errors between exchange and correlation parts of the BLYP hybrid.
CONCLUSIONS
The performance of various density functionals on highly charged atoms has been studied using the reliable experimental data for ions with electronic configurations up to 18 electrons. The reliability of some of the functionals studied has been previously established by numerous calculations ͓4͔ which were performed on various molecular properties of neutral or stable ionic species. Even though these DFT calculations show high accuracy for normal molecules and atoms, all DFT functionals, as shown here, reveal problems in descriptions of the energy as a function of nuclear charge. While it may not seem important to chemistry to obtain the correct energy for highly charged species like the tenelectron ions, the errors found here will also appear in the description of the core electrons of heavier neutral atoms.
These problems display the limited range of applicability of recent density functionals and open questions on developments of new density functionals. A simple density functional cannot successful describe the correlation effects for an isoelectronic series for high Z, since the correlation energy becomes dependent on Z whenever another orbital configuration becomes degenerate with the ground-state configuration at high Z. Much of the progress to date in the problem of finding new exchange-correlation functionals is based on correcting the original local-density approximation ͓20͔ built on the uniform electron gas theory. Perhaps a different approach rooted in considerable knowledge of the density matrix of the wave function would improve on the accuracy of the changes of correlational effects with nuclear charge, but the cross dependence on both N and Z for such a new density functional would be essential.
